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Abstract

Four TOC-rich shale intervals spanning the Frasnian–Famennian (F–F) boundary were recovered in a drillcore (West Valley
NX-1) from western New York (USA) and radiometrically dated using Re–Os. Two of the black shale intervals (WVC785 from
∼2.9 m below, and WVC754 from ∼6.4 m above the F–F boundary, respectively) yielded statistically overlapping ages with
uncertainties of b1.1%. An interpolated age and associated graphically determined uncertainty of 372.4±3.8 Ma provides new
absolute age constraints on the F–F boundary. This date is ∼4.1 Ma younger than the latest proposed F–F boundary age of
376.1 Ma obtained by interpolation of U–Pb dates from volcanic zircon [Kaufmann, B., 2006. Calibrating the Devonian Time
Scale: A synthesis of U–Pb ID-TIMS ages and conodont stratigraphy. Earth-Science Reviews 76, 175–190], and within uncertainty
of the International Commission on Stratigraphy accepted date of 374.5±2.6 Ma. A third date (from sample WVC802, ∼8.2 m
beneath the F–F boundary) yielded an imprecise age of 357±23 Ma, owing in part to a limited Re/Os range. The initial
187Os/188Os (0.45 to 0.47), reflecting contemporaneous seawater Os values, are low but similar to the value of 0.42 reported for the
Exshaw Fm (Canada) at the Devonian–Mississippian boundary (ca. 361 Ma) [Selby D., Creaser R.A., 2005. Direct radiometric
dating of the Devonian–Mississippian time-scale boundary using the Re–Os black shale geochronometer. Geology 33, 545–548].
This may suggest fairly constant and low global continental weathering rates during the Late Devonian, although in view of the
short residence time of Os in seawater (∼1–4×104 yr), further measurements are needed to assess potential short-term variation in
seawater Os ratios. Owing to low Os and Re abundances at the F–F boundary, our data are inconsistent with long-term volcanism
and bolide impact as potential Late Devonian mass extinction mechanisms. In addition, the Frasnian–Famennian ocean appears to
have been depleted with respect to Re, possibly indicating an exhaustion of the Re seawater reservoir owing to high burial rates of
redox-sensitive elements under dysoxic/anoxic conditions leading up to the F–F boundary.
© 2007 Elsevier B.V. All rights reserved.
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1. Introduction

The Frasnian–Famennian (F–F) boundary marked
the culmination of the prolonged (up to 3×106 yr;
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McGhee, 1996) Late Devonian mass extinction, one of
the five greatest biotic crises of the Phanerozoic. During
this event, up to 82% of marine species became extinct
(Jablonski, 1991), with severe and highly selective
decimation of low-latitude and shallow-water species of
organisms such as reef-building corals and stromatopor-
oids (Copper, 1986; Stearn, 1987) and brachiopods
(McGhee, 1996). Several hypotheses relating to extinc-
tion onset have been proposed, including bolide impact
(McLaren, 1970), sea-level variations (Johnson, 1974),
global warming (Thompson and Newton, 1988), global
ocean anoxia (e.g., Joachimski and Buggisch, 1993), as
well as multi-mechanism scenarios involving biogeo-
chemical feedback (Buggisch, 1991; Sageman et al.,
2003).

In addition to the marine realm, terrestrial ecosystems
were subjected to major changes, mainly through the
appearance of trees with large, extractive root systems
(Chaloner and Sheerin, 1979; Mosbrugger, 1990; Meyer-
Berthaud et al., 1999) and the appearance of seed plants
capable of colonising largely barren drier upland habitats
(representing ∼90% of continents; Scheckler, 2003), in
the mid- to late Famennian (Scheckler, 1986; Marshall
and Hemsley, 2003). As a result, soils underwent
deepening, horizonation, and compositional maturation
(Retallack, 1997).

This rhizosphere development had important con-
sequences for weathering rates and processes: prior to
Fig. 1. Location of the We
the soil and regolith stabilisation effect of a fully de-
veloped vegetative cover, weathering rates may have
increased, at least ephemerally, owing to the upland
colonisation (Algeo et al., 2001). Evidence of such an
increase in weathering rates includes sediment-mass
anomalies and clay mineral assemblages (Algeo et al.,
1995), seawater 87Sr/86Sr values (Denison et al., 1997),
and paleomagnetic susceptibility data (Crick et al., 2002;
Hladil, 2002).

Furthermore, an increase in weathering could have
enhanced the nutrient supply to the ocean realm, thereby
enhancing primary productivity during this time interval
(Algeo et al., 1995). This would have contributed to the
development of pervasive anoxia on epicontinental sea-
ways leading to the sequestration of large quantities of
organic matter and authigenic pyrite in organic-rich
(“black”) shales (Ettensohn et al., 1988; Klemme and
Ulmishek, 1991).

Several studies have applied the Re–Os isotope
system to the geochronology of black shales (Ravizza
and Turekian, 1989; Cohen et al., 1999; Singh et al.,
1999; Creaser, 2002; Creaser et al., 2002; Selby and
Creaser, 2003, 2005), including sediments subjected to
chlorite-grade metamorphism (Kendall et al., 2004).
Owing to redox reactions at or below the sediment–
water interface, the organic matter of anoxic sediments is
typically enriched in seawater-derived (hydrogenous)
Re and Os (Ravizza and Turekian, 1989, 1992; Ravizza
st Valley NX-1 core.



Fig. 2. Lithology and location of the WVC samples. Conodont
biozones follow Kirchgasser et al. (1994), Klapper and Becker (1999),
and Over (1997, 2002).
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et al., 1991; Martin et al., 2000; Creaser et al., 2002;
Selby and Creaser, 2003). After deposition, 187Re decays
(β−) to 187Os over long time periods (t1/2N41.6 Ga;
Smoliar et al., 1996; Selby et al., 2007), and accumulates
in the sediments, and can thus be a useful geochron-
ometer assuming that the Re–Os system remains closed
and that negligible non-hydrogenous Re and Os
components are present (Ravizza and Turekian, 1989,
1992; Ravizza et al., 1991; Cohen et al., 1999; Creaser,
2002; Creaser et al., 2002; Selby and Creaser, 2003).

In this study, we present rhenium and osmium isotopic
data for four TOC-rich black shale intervals spanning the
F–F boundary within the Hanover Formation in the
Appalachian basin of western New York. The aim of this
research is to provide a chronological marker for the F–F
boundary through Re–Os ages, as well as to constrain
Late Devonian seawater Os isotopic composition, which
should be reflective of the relative balance between Os
inputs provided by global weathering and the volcanic/
extraterrestrial contribution during the Late Devonian
(Ravizza and Esser, 1993; Singh et al., 1999; Cohen,
2004). As well, the implications of our data regarding
trigger mechanisms for the Late Devonian mass extinc-
tion will be discussed.

2. Samples and stratigraphic setting

Samples were collected from the West Valley NX-1
core, drilled in Cattaraugus County, western NY, USA
(Fig. 1). This location was situated on the distal part of
the northern Appalachian foreland basin during the Late
Devonian (Sageman et al., 2003). Rhenium–osmium
isotopic data were determined for four organic-rich
shale intervals (∼0.4–4% TOC; thickness ∼30 cm
each) spanning the F–F boundary (Fig. 2). These black
shales are typically laminated, with minor bioturbated
intervals and disseminated silt lenses, and are char-
acterised by low thermal maturity indices (%Ro ∼0.5
and CIAb2; Weary et al., 2000). The area's geology has
been described in detail elsewhere (e.g. Sageman et al.,
2003).

Three of our four samples are located within the upper
part of Zone 13 of Klapper's (1997) Frasnian conodont
zonation, most probably within the linguiformis cono-
dont biozone (Over, 1997) of the upper Hanover Forma-
tion: sample WVC777 is situated below (ca. 80 cm) the
F–F boundary, and is constrained within the Upper
Kellwasser Event of Europe (Murphy et al., 2000), while
samplesWVC802 andWVC785 are located∼8.2 m and
∼2.9 m beneath the F–F boundary, respectively. The
Frasnian stage is approximately 300 m thick in the study
area (Sageman et al., 2003). In addition to the extinction
of all Ancyrodella and Ozarkodina conodonts and the
loss of most species of Palmatolepis, Polygnathus and
Ancyrognathus, the base of the Famennian is defined
as the first occurrence of Palmatolepsis triangularis
(Klapper et al., 1993). Sample WVC754 is located
∼6.4 m above the F–F boundary, in the Middle trian-
gularis conodont biozone of the Dunkirk Formation
(Over, 1997). A lithologic description of the NX-1 core,
as well as several organic and inorganic geochemical
parameters, can be found in Sageman et al. (2003) and
references therein.

3. Methodology

Large (N30 g) sub-samples were selected from each
black shale interval in order to minimise potential small-
scale disturbance of the Re–Os system (Kendall et al.,
2004); these were powdered using non-metallic meth-
ods in order to avoid potential contamination by Os- or
Re-bearing metallic particles (Creaser et al., 2002). All
analyses were performed at the Radiogenic Isotope
Facility of the Department of Earth and Atmospheric



Table 1
Re and Os data for the WVC black shale samples in this study
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Sciences, University of Alberta, using 0.5 g of pow-
dered sediment and following the CrVIO3–H2SO4 diges-
tion procedure of previous studies (Selby and Creaser,
2003; Kendall et al., 2004).

Purified analytes were loaded onto Ni (for Re) and Pt
(for Os) filaments, and concentration and isotopic com-
positions measured using isotope dilution on a VG Sector
54 thermal ionization mass spectrometer in negative ion
mode (Creaser et al., 1991; Völkening et al., 1991).
Rhenium analyses were performed on Faraday collectors
in static mode, while osmium samples were analysed
using a single pulse counter in peak jumping-mode.
Isotopic ratios were corrected for instrumental mass frac-
tionation using 185Re/187Re=0.59738 (Gramlich et al.,
1973) and 192Os/188Os=3.08261 (Nier, 1937), isobaric
oxygen interferences, spike and blank contributions. Total
procedural blanks were b15 and b0.5 pg for Re and Os,
respectively, with 187Os/188Os values of∼0.20. In-house
standard solutions were repeatedly analysed to monitor
long-term mass spectrometer reproducibility. Errors for
isotope ratios were determined by numerical error
propagation and include uncertainties in spike calibration,
weighing, and analytical/instrumental measurements, as
well as Re bias, oxygen, and blank corrections.

All dates (quoted at the 2σ level) were determined
through the regression of the Re–Os data using the Isoplot
3 program (Ludwig, 2003), and a 187Re decay constant
(λ187Re) of 1.666×10− 11 yr− 1 (±0.35%) (Smoliar et al.,
1996); calculated uncertainties for the 187Re/188Os values,
the 2σm (which includes blank corrections) for the
187Os/188Os ratios, and the error correlation (ρ or rho;
Ludwig, 1980) between 187Re/188Os and 187Os/188Os,
which ranges from ∼0.3 to 0.7, were used for regression
analysis.

4. Results

The samples contain between 0.7–41 ng/g Re and 50–
472 pg/g Os, with 187Re/188Os and 187Os/188Os ratios
ranging from ∼79 to 789, and from ∼1.2 to 5.4, respec-
tively (Table 1). Regression of the Re–Os data for the
WVC785 (n=8) and WVC754 (n=9) intervals yield
Model 1 isochrons of 374.2±4.0 Ma (1.1% 2σ age
uncertainty; mean square weighted deviates, or MSWD=
0.51; probability of fit=0.80) and 367.7±2.5 Ma (0.68%
2σ age uncertainty;MSWD=1.4; probability of fit=0.21)
Notes to Table 1:
aSamples marked “R” indicate replicate analyses. Note that sample WVC75
owing to anomalously low Re content. bUncertainties calculated by numerica
correlation (Ludwig, 1980).
respectively (Fig. 3A and C). Initial 187Os/188Os values,
which have been derived from these regressions, are
0.47±0.04 and 0.45±0.02 for WVC785 and 754,
respectively.

In order to provide a more robust comparison with
other published dates, the above isochron dates (WVC785
and WVC754) have been adjusted for the 187Re decay
constant uncertainty. λ187Re has been verified using our
standard solution and comparing Re–Os ages from
molybdenites against U–Pb dates from zircons from
magmatic ore systems (Selby et al., 2007). This study has
obtained an averageλ187Re value of 1.66785×10− 11 yr− 1

(±∼0.20% at 2σ), which is almost identical to the decay
constant of Smoliar et al. (1996). By propagating the
regression slope uncertainty (determined by Isoplot) in
addition with a 0.35% uncertainty for λ187Re, the decay
constant adjusted uncertainties for WVC785 and
WVC754 are 374.2±4.2 Ma and 367.7±2.8 Ma respec-
tively (at 2σ).

Whereas the previous two sample intervals yielded
Model 1 isochrons, samples from the WVC777 interval
(n=6), with their limited spread in isotopic data
(187Os/188Os=∼1.18 to 1.35 and 187Re/188Os=120 to
140), yield a Model 3 isochron with a high 2σ age
uncertainty (470 ± 140 Ma; MSWD=11.7; initial
187Os/188Os=0.24±0.31; Fig. 3B), and hence cannot be
used as a reliable geochronometric anchor. In addition to
the restricted isotopic range, the Re and Os contents of the
WVC777 samples are the lowest of the four studied
intervals (3.68 ng/g and 155 pg/g, respectively, on
average; Table 1).

The isochron for the WVC802 interval samples
shows six (out of nine) data points plotting in a tight
cluster around 187Os/188Os=4.1 and 187Re/188Os∼610
(Fig. 3D). In large part owing to this center-weighted
distribution, the Model 3 isochron generated by Isoplot
is imprecise (357 ± 23 Ma; MSWD=5.9; initial
187Os/188Os=0.49±0.24) and thus cannot be used as a
reliable indicator of depositional age.

5. Discussion

5.1. Frasnian–Famennian boundary age

Fig. 4 shows our two Model 1 Re–Os dates
(WVC754 and WVC785) plotted along four previously
4-[11-12] (grey shading) was not included for isochron determination
l error propagation and quoted as 2σ. cρ (or rho) is the associated error



Fig. 3. Isochrons for the four studied black shale intervals close to the Frasnian–Famennian boundary in the West Valley NX-1 core: A) WVC754;
B) WVC777; C) WVC785, and; D) WVC802. Ellipses are propagated 2σ uncertainties and sample numbers are linked with data in Table 1. Replicate
analyses are not included. The inset diagrams show the deviation of data points relative to isochron regression lines. The dates do not include the
λ187Re-related uncertainty.

654 S.C. Turgeon et al. / Earth and Planetary Science Letters 261 (2007) 649–661
published, non-decay constant uncertainty adjusted,
biostratigraphically constrained (to either the Frasnian
or Famennian stages) U–Pb ID-TIMS dates:

1. Tucker et al. (1998) report nine single-grain and
small-fraction (up to n=25) zircon analyses from the
lowermost ash bed the Belpre ash suite of the
Chattanooga Shale at Little War Gap, Tennessee
(Rotondo and Over, 2000), which yielded two
concordant and seven discordant analyses, but with
a common 207Pb/206Pb age of 381.1±1.3 Ma. The
conodont Palmatolepis punctata is found in the
interval surrounding the ash layer, whereas shales
between the two youngest Belpre ash beds contain the
conodont Ancyrognathus barba (Rotondo and Over,
2000), effectively restricting the biostratigraphic age
to the Frasnian Zone 8 (middle to upper part of the
Lower hassi Zone; Ziegler and Sandberg, 1990;
Klapper, 1997; Klapper and Becker, 1999).

2. Twenty-four single-grain analyses were performed
on zircons extracted from a bentonite layer located
between the two Kellwasser horizons (Kaufmann
et al., 2004) in the middle part of the Upper rhenana
conodont zone (Schindler, 1990; Ziegler and Sand-
berg, 1990) at Steinbruch Schmidt (Kellerwald,
Germany). Seventeen concordant results yielded a
cluster of ages scattered from 359.2 to 377.2 Ma
owing to varying amounts of Pb loss. The oldest
concordant 206Pb/238U age of 377.2±1.7 Ma is
thought to have the lowest amount of Pb loss, and is
therefore assumed to represent the age of the
bentonite-related eruption (Kaufmann et al., 2004).

3. The age of a miospore-bearing horizon of the Upper
Devonian Carrow Formation of the Piskahegan



Fig. 4. Time-scale for the Frasnian–Famennian interval. Biozone divisions are based on the compilation of Kaufmann (2006) and references therein.
Each U–Pb ID-TIMS data point discussed in the text is represented by a rectangle formed by 2σ age uncertainty interval and biostratigraphic range.
The dark areas and numbers in parentheses for the Re–Os dates represent λ187Re-inclusive uncertainties. Modified from Kaufmann, 2006.
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Group (New Brunswick, Canada) is constrained by
concordant 207Pb/206Pb analyses on zircons from an
underlying pumiceous tuff member and an overlying
rhyolite belonging to the Mount Pleasant Caldera
Complex (McCutcheon et al., 1997). Four analyses
(1–15 grains each) from the tuff yielded a weighed
mean age of 363.8±2.2 Ma, whereas five multi-grain
(n=2 to 25) analyses of the overlying Bailey Rock
Rhyolite have a weighted mean age of 363.4±1.8 Ma
(Tucker et al., 1998). Given that the ages of the two
volcanic units are analytically indistinguishable, we
quote Tucker et al.'s (1998) reported mean of all
207Pb/206Pb ages (363.6±1.6 Ma). Owing to a
doubtful index fossil specimen (Retizonomonoletes
lepidophyta?), the horizon was originally assumed to
belong to the pusillites–lepidophyta miospore zone
(equivalent to being located within the Upper ex-
pansa conodont zone; Ziegler and Sandberg, 1990)
of the upper Famennian (McGregor and McCutch-
eon, 1988), but has more recently been attributed to
R. cassicula (now R. macroreticulata) by Steemans
et al. (1996). As R. macroreticulata appears in the
Uppermost marginifera conodont zone in Belgium
(Streel and Loboziak, 1996), the biostratigraphic
range of the two dated volcanic rocks is now inter-
preted to range from the Uppermost marginifera to
the Upper expansa conodont zone (Streel, 2000).

4. Four multi-grain analyses of monazites extracted
from the Nordegg Tuff in the Exshaw Formation
(Alberta, Canada) yielded a highly precise weighted
mean 207Pb/235U age of 363.3±0.4 Ma (Richards
et al., 2002). Biostratigraphic constraints for this
sample come from Middle Palmatolepis expansa to
the Lower Siphonodella praesulcata conodont-bear-
ing nodular limestone beds from below and above the
Nordegg Tuff (Savoy et al., 1999).

In Fig. 4, time is plotted on the X-axis, while the Y-axis
represents stratigraphic age as defined by conodont
zonation (Ziegler and Sandberg, 1990) andLateDevonian
biozones (Klapper, 1997). The duration of the biostrati-
graphic divisions is based on the compilation of
Kaufmann (2006), which is largely based on the Frasnian
Composite Standard of Klapper (1997) and the Famen-
nian portion of the Lali section located in southern China
(Ji and Ziegler, 1993). The horizontal uncertainty for each
data point constrains the 2σ precision of the isotopic age,
while the vertical range reflects its biostratigraphic range.
A straight “Time Line” can then be fitted to connect each
box and provide direct age reading at any point along the



Fig. 5. Black bars represent osmium isotopes ratios for the two Model
1 isochrons (WVC785 and WVC754), while the grey bars are from the
Model 3 isochrons (WVC802 and WVC777). The outlined vertical
area shows the initial Os isotope range obtained by Selby and Creaser
(2005) at the Devonian–Mississippian boundary.
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line. Following this construction, Kaufmann (2006)
obtained an age for the F–F boundary of 376.1±
3.6 Ma, which is similar to the age of 376.5 Ma obtained
by Tucker et al. (1998) using a comparable approach.
Gradstein et al. (2004), however, obtained a slightly
younger age of 374.5±2.5 Ma through statistical spline
fitting to selected radiometric dates.

While one of our isochron dates (WVC785) is
intersected by the Time Line of Kaufmann (2006), the
date from the WVC754 isochron appears to be markedly
(ca. 8.1 Ma) offset, falling outside the range of most of
the recently published F–F age estimates. However,
even though the MSWD of the WVC754 date is higher
(1.4) compared to the WVC785 date (0.51), we find no
compelling reason to exclude this date. A potential
implication of the offset of this data point is the presence
of a condensed section in the interval between the two
dates, although there are no reports of hiatuses in the
literature and sedimentation rates appear to be high
(Sageman et al., 2003). Alternatively, the pattern of non-
linearity shown between the Frasnian and Famennian
could imply faster evolutionary rates for Famennian
stage conodonts.

Assuming a linear sedimentation rate in the WVC
core, the interpolation of our two Model 1 Re–Os dates
yield a slightly younger age for the F–F boundary of
372.4±3.8 Ma (uncertainty obtained by graphic inter-
polation). This date is ∼1.0 to 1.1% younger than those
obtained by Tucker et al. (1998) and Kaufmann (2006),
and ∼0.6% younger than the International Commission
on Stratigraphy-accepted age of Gradstein et al. (2004)
for the F–F boundary. These differences are higher, but
of similar magnitude, than the ∼0.2% variation in
nominal age values for the age of the Devonian–
Mississippian boundary obtained by Selby and Creaser
(2005) by comparing their direct Re–Os isochron age
with the interpolated U–Pb age of Trapp et al. (2004).

Modifying Kaufmann's (2006) Time Line to account
for our proposed date, the Steinbruch Schmidt uncertainty
box would no longer be intersected (Fig. 4). Hence, an
adjustment of the biostratigraphic scale becomes neces-
sary, which, given our data, would possibly involve an
expansion of the uppermost Frasnian biozones (linguifor-
mis and/or Upper rhenana, or Zone 13 ofKlapper (1997)).

5.2. Implications of Late Devonian seawater Os isotope
estimates

The present-day osmium isotope (187Os/188Os) com-
position of seawater is ∼1.06 (Levasseur et al., 1998;
Woodhouse et al., 1999; Peucker-Ehrenbrink and
Ravizza, 2000), and reflects mass balance between the
main Os input sources to the oceans, namely the hydro-
thermal alteration of juvenile oceanic crust, continental
weathering, as well as a generally minor extraterrestrial
contribution from meteorites (Cohen et al., 1999). While
the extraterrestrial and hydrothermal inputs have similar
isotopic ratios (∼0.127), crustal Os isotopes show awide
range of values, from 0.127 to approximately 1.9,
depending on the age of the crust and lithology (Martin
et al., 2001; Peucker-Ehrenbrink and Hannigan, 2000).
And although the Os isotopic composition of present-
day oceans appears to be more or less uniform, the
relative contributions of these sources in the past have
led to significant, at times abrupt, variations in seawater
Os isotope ratios (Cohen, 2004).

The Os isotopic system in oceans is similar to Sr
isotopes, which also reflect a balance between weath-
ering and volcanic activity. However, given that Os has
a much shorter residence time (∼1–4×104 yr v.
∼3×106 yr for Sr), the Os isotopic composition of
seawater responds much more rapidly to relative shifts
of the different inputs (Oxburgh, 1998; Ravizza et al.,
2001; Ravizza and Peucker-Ehrenbrink, 2003; Cohen,
2004). In contrast to Sr isotopes though, the Os isotopic
record can be influenced by extraterrestrial contributions
from chondritic or iron meteorites as they contain
abundant Os (Cohen et al., 1999).

Given that most of the Os in TOC-rich marine shales is
hydrogenous (Cohen et al., 1999), the initial 187Os/188Os
ratios defined by black shale-derived isochrons are
representative of contemporaneous seawater (Ravizza
and Turekian, 1989; Cohen et al., 1999). Fig. 5 shows the
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initial 187Os/188Os ratios for the WVC samples across the
F–F boundary. Our twoModel 1 isochrons returned initial
Os isotope values of 0.45±0.02 and 0.47±0.04 for
WVC754 and WVC785 respectively. These values are
similar to the initial ratio of 0.42±0.1 for the Devonian–
Mississippian boundary reported by Selby and Creaser
(2005).

While admittedly based on a limited dataset, two
first-order implications of the Os record of late Frasnian
and early Famennian seawater can be put forth: firstly,
no significant trend can be observed in our data. Indeed,
the isotopic values appear to remain more or less
constant, possibly even shifting to slightly less radio-
genic values, throughout the Late Devonian and up to
the Mississippian. This suggests that the relative fluxes
of the major Os inputs to oceans have remained
somewhat steady, perhaps over time-scales of 106 yr,
implying that any shift in upland colonisation by
vegetation during this time had only a minor (slightly
stabilising?) effect on weathering rates. Variations in
weathering intensity could have still occurred during
this time interval: for example, at times of minimal
influx of extraterrestrial material and reduced volcanic
activity, the weathering of crustal material with uniform
Os isotopic composition similar to contemporaneous
seawater could minimise or hide the impact of these
changes in the Os record. As well, any weathering
increase related to vegetation colonisation could have
ended well before the Frasnian–Famennian transition
and hence may not have been recorded in our sample
set.

Secondly, in spite of the ambiguity of the initial Os
isotope record directly at the F–F boundary, no clear
evidence for bolide impact or volcanism exists for this
interval. In contrast, the Os record at the K–T boundary
(Pegram and Turekian, 1999) shows an abrupt excursion
(b0.25 Myr) towards lower (∼0.2) osmium isotope
ratios, consistent with the widely held view of a bolide
impact. As well, the lower Os content (155 pg/g) for this
shale interval, relative to those sections above and
below, excludes a significant Os influx from chondritic
or iron meteorites, although the possibility remains for
an impactor of a different nature (e.g. ice-cored).

The decreased Re and Os abundances in our
WVC777 interval are also at odds with the high chemical
weathering rates which have been reported for juvenile
basaltic lavas (Louvat and Allègre, 1997; Taylor and
Lasaga, 1999), which have been linked with long-term
increases in Os and Re contents of sediments (Ravizza
and Peucker-Ehrenbrink, 2003). The lack of significant
volcanic activity at the F–F boundary is also documented
by the 87Sr/86Sr ratio of seawater as it shows only a slight
increase (from ca. 0.70780 to 0.70805, consistent with an
increase in weathering or reduction in volcanic activity)
over the entire Frasnian–Famennian interval (Denison
et al., 1997).

5.3. Re and Os drawdown at the Frasnian–Famennian
boundary?

Fig. 6 shows the relationships between Re, Os and
TOC contents for the WVC samples. Fig. 6A illustrates
the inverse relationship between average Os and Re
contents and TOC for each interval. When plotting the
individual samples within those intervals, however,
positive correlations between Re and Os with TOC can
be distinguished (Fig. 6B): these relationships are also
reflected when plotting Re v. Os (Fig. 6C). The parallel
nature of these trendlines within each black shale
interval further indicates that Re and Os behave alike
and that similar processes control their incorporation
into black shales.

Two other features of the Fig. 6B trendlines should be
noted: firstly, the slopes of these trendlines within each
interval vary widely, with the steepest trendline slope
found on the lowermost WVC802 interval, and shal-
lowest slopes found within the WVC777 sample suite.
The second feature is the offset between paired Re and
Os trendlines within each black shale interval: the Re and
Os trendlines for the WVC802 interval are virtually
indistinguishable from each other (keeping in mind the
difference in scale between the two elements— pg/g for
Os and ng/g for Re), whereas the WVC777 interval
shows a much increased relative offset between Re
and Os.

Although speculative at this stage, we postulate that
this relative decrease in Re (we assume here that Re
contents have decreased, as Os contents in WVC777 are
only marginally lower than WVC785 and WVC754,
whereas Re decreases by ∼3–9×) at the F–F boundary
could represent a long-term drawdown in seawater Re
contents, as hinted at by the trendlines in Fig. 6B. In this
figure, the lowermost WVC802 interval has the highest
Re and Os v. TOC ratios, followed by WVC785 and
WVC777, which appears to indicate a generalized de-
crease towards the F–F boundary (WVC777); the ratios
then increase from WVC777 to the WVC754 interval.

The increasing relative depletion of Re compared to
Os, which parallels the decreasing Re and Os ratios,
could be attributed to the efficient removal of Re from
seawater under even slightly reducing conditions: the
Frasnian–Famennian ocean thus appears to have been
depleted with respect to Re, possibly indicating an
exhaustion of the Re seawater reservoir owing to high



Fig. 6. Relationships between Re, Os and TOC contents: A) average Os and Re v. average TOC contents for the studied black shale intervals; B) Os
and Re v. TOC contents for individual samples (thick black line are trendlines for each elements within a black shale interval), and C) Re–Os plot for
individual samples.
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burial rates of redox-sensitive elements under dysoxic/
anoxic conditions (Algeo, 2004) leading up to the F–F
boundary.

6. Conclusions

Re–Os isotope data were generated from four black
shale intervals spanning the Frasnian–Famennian
boundary from western New York (USA). Our proposed
date for the F–F boundary of 372.4±3.8 Ma is slightly
younger than the most recent calibration of Kaufmann
(2006) of 376.1±3.6Ma and of Gradstein et al. (2004) of
374.5±2.6 Ma, yet still remains within the uncertainty
limits of these dates. This demonstrates that the Re–Os
black shale geochronometer can be useful for refining
the chronology of biostratigraphically defined bound-
aries, especially for time periods lacking material
typically used for well-established U–Pb ID-TIMS and
Ar–Ar dating procedures (i.e. zircons and other minerals
from volcanic beds). As well, the precision of the Re–Os
age determinations (±1.0%, including decay constant
uncertainty) can help improve geologic time-scales,
especially for intervals suffering from a paucity of
absolute geochronologic anchors points, and aid in
establishing the timing of events and rates of processes.

The initial 187Os/188Os (0.45 to 0.47), reflecting
contemporaneous seawater Os values, are low, but
similar to the value of 0.42 reported for the Exshaw Fm
(Canada) at the Devonian–Mississippian boundary
(361 Ma) (Selby and Creaser, 2005). These initial Os
isotope values suggest constant and low global
continental weathering rates during the Late Devonian,
although the slightly decreasing trend could be in
response to increased slope stabilisation effect brought
on by upland colonisation by vegetation. In view of the
short residence time of Os in seawater (∼1–4×104 yr,
which is less that ∼0.35% of the duration of the
Famennian stage), however, further measurements are
needed to assess potential short-term variations in
seawater Os ratios. In addition, initial Os determinations
of earlier black shales (Frasnian or even older) could be
useful to determine if this colonisation was complete at
the F–F boundary, or if indeed vegetation had any effect
on weathering rates. As well, our data appear to be
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inconsistent with long-term volcanism and/or bolide
impact as potential Late Devonian mass extinction
mechanisms owing to low Os and Re abundances at the
F–F boundary.
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